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Abstract. Understanding intra-specific variation in climate sensitivity could improve the prediction of
tree responses to climate change. We attempted to identify the degree of genetic control of tree phenology
and growth of trembling aspen (Populus tremuloides Mchx.) in a natural stand of this species in northwest-
ern Quebec. We mapped and genotyped 556 aspen trees growing within the plot, using seven nuclear
microsatellite loci for clone identification. We selected 13 clones (n of trees per clone >5, in total 350 trees)
and evaluated the explanatory power of clone identity in (a) variability of spring leaf phenology and (b)
short- and long-term growth responses. The clone’s identity explained 43% of the variability in spring leaf
phenology, between 18% and 20% of variability in response to monthly climate variables significantly
affecting growth, between 8% and 26% of growth response to insect outbreaks, and 12% in the long-term
growth rates. Strong clonal control of aspen phenology and moderate control of growth responses to
monthly weather do not result in an equally large impact on long-term growth rates. The result suggests
an important role of environmental extremes and within community interactions as factors averaging
aspen growth performance at the stand level.
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INTRODUCTION
Boreal forests face rapid changes in climatic
conditions (IPCC 2014), which raises concerns
about the ability of this biome to maintain its
structure and ecosystem functions. By the middle
of the 21st century, the mean annual temperature
in the eastern boreal forests is projected to rise by
2.5–5°C and precipitation by 10–25% (De Elia
and Cote 2010). In southern Canada, for exam-
ple, the mean annual temperature has risen
between 0.5°C and 1.5°C and annual total precip-
itation has increased by 5–35% during the 1900–
1998 period (Zhang et al. 2000). The ability of
dominant tree species to couple with these
changes will ultimately control the degree and
rate of resulting vegetation succession toward
new stable states.
A better understanding the future growth per-
formance of tree species calls for the analysis of
both population-level responses to environmen-
tal stresses and their within-population variabil-
ity (Kremer et al. 2014). The existing research has
focused primarily on the population-level effects,
assuming a marginal effect of genetic, age, and
size differences among trees. Classic den-
drochronological research provides an excellent
example of such an approach, commonly based
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on the analyses of 10–30 dominant trees per
stand, to capture a climatic signal in growth
dynamics (Fritts 2001, Schweingruber and Nog-
ler 2003). However, recent studies have shown a
large variability of growth patterns within tree
populations (Nehrbass-Ahles et al. 2014) and
indicated that climatic variables identified as sig-
nificant with the mean chronology may affect
only a proportion of the individuals within the
population (Ettl and Peterson 1995, Rozas and
Olano 2013, Galvan et al. 2014). Understanding
the drivers of this variability should help mini-
mize biases in historical (dendrochronological)
reconstructions of past climate and better project
growth responses to future climate changes (Car-
rer 2011, Galvan et al. 2014).
Genetic differences among trees may be poten-
tially an important control of within-population
variability in growth patterns, especially consid-
ering that it is the within-population variability,
which accounts for a large part of the total
genetic variability in boreal trees (Beaulieu and
Bousquet 2010). For example, boreal conifers
with a large geographical distribution such as
white spruce (Picea glauca (Moench) Voss) and
white pine (Pinus strobus L.) maintain more than
80% of the total genetic variability in growth and
phenological characters as within-population
variability (Beaulieu et al. 1996, 2006, Li et al.
1997). Since within-species variability in geno-
types can influence the growth response to cli-
mate (Alberto et al. 2013), it can affect their
ability to respond to climate change. It has been
hypothesized that during interglacial periods,
tree populations have repeatedly colonized
northern areas due to large genetic variability in
the frontier populations, in particular, the pres-
ence of cold-adapted sub-populations in ice-free
refugia (De Carvalho et al. 2010, Savolainen
et al. 2011).
Quantification of the genotype effects involves
strict control of the genetic makeup of trees.
Experimental studies have shown that genetic
makeup controls 10–30% of the variability in tree
size in forest trees growing in plantations (Cor-
nelius 1994). In natural settings, the analysis of
genotype effects would involve a clonal species
with trees of different clones growing intermin-
gled in a homogeneous environment. In the
Canadian boreal forest, the tree species fitting
this setup would be trembling aspen (Populus
tremuloides Michx). This species is the most
widely distributed deciduous tree in North
America, extending from southern Mexico to
northern Alaska and Newfoundland (Little 1971,
Perala 1990). Aspen is shade-intolerant, fast
growing, and relatively short-lived, colonizing
areas after disturbances, such as fires or large
windfalls. Aspen seedlings can produce suckers
within 4–6 yr following seed germination (Shep-
perd and Mata 2005). The number of suckers var-
ies according to tree genotype (Farmer 1962,
Zufa 1971, Schier 1974). Genetic analyses have
revealed large clonal diversity in natural aspen
populations (Wyman et al. 2003, Namroud et al.
2005, Mock et al. 2008, De Woody et al. 2009).
The emerging picture indicates that aspen popu-
lations consist of intermingled clones represented
by more than 10 ramets and single ramet genets
homogeneously distributed among more abun-
dant clones.
We studied the variation in climate sensitivity
of even-aged trembling aspen clones growing in
a fire-initiated natural population in western
Quebec. We hypothesized that the trees’ clone
identity affects their growth responses to spring
phenology, monthly weather and also affected
their absolute growth rates. To quantitatively test
this hypothesis, we mapped and genotyped all
aspen trees within a one ha plot, and measured
their growth using dendrochronological meth-
ods. We then assessed the interaction between
genotype, on one side, and phenological and
growth dynamics, on the other, through ordinary
and generalized linear regression models.
MATERIALS AND METHODS
Study area
The study site is located within the Lake
Duparquet Research and Teaching Forest
(FERLD) in northwestern Quebec (79°10 W,
48°300 N). The FERLD is encompassed in the
Eastern Canadian boreal mixedwood zone that is
dominated by balsam fir, paper birch, white
spruce, trembling aspen, and eastern white cedar
(Saucier et al. 2003). The climate is cold temper-
ate with a mean (1971–2000) annual temperature
of 0.7°C and mean annual precipitation of
890 mm (Environment Canada 2006). The topog-
raphy of the area is typically flat, characterized
by low elevation hills and a mean altitude
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between 250 and 400 m above sea level. The most
common soil types on well-drained clay deposits
are luvisols and gleysols (Soil Classification
Working Group 1998). The forest tent caterpillar
(FTC, Malacosoma disstria) is a major defoliator of
trembling aspen (Bergeron 2000) in the area. A
total of six outbreaks have been reported in the
region since 1938 (see cluster 8 in fig. 4 in the
Cooke and Lorenzetti 2006).
Climatic data
Climate data were obtained for the 1953–2009
period using BioSIM, a set of spatially explicit
bioclimatic models using a network of available
meteorological stations to generate climate data
for a set of user-selected geographical locations
(Regniere and Bolstad 1994). We used the spatial
regression method, which fits a multiple regres-
sion between a climatic variable in question, lati-
tude, longitude, and elevation. The climatic
variables included the monthly mean tempera-
ture (in °C) and the monthly total precipitation
(in mm).
Study plot measurements and topographical data
The studied trees belong to an aspen-domi-
nated stand that originated from the 1923 fire.
Since 1998, this stand has been a control treat-
ment (SAFE 1 block 1) of the SAFE (Sylviculture
et Amenagement Forestiers Ecosystemique) pro-
ject, which tests stand-level silvicultural treat-
ments emulating different aspects of natural
forest dynamics (Brais et al. 2004). In 2005, we
established a 1-ha plot in a natural control area
of the stand and divided it into a hundred
10 9 10 m2 subplots. We tagged and mapped all
of the trees with the diameter at breast height
(dbh) above 5 cm. We collected samples of root
cambium tissue and cored trees at dbh level (two
cores per tree) to obtain chronologies of ring
width growth from the 556 living and standing
aspen trees. We used the Hegyi index to quan-
tify competition or facilitation interactions
between trees within the stand (Hegyi 1974;
Appendix S1).
DNA extraction, microsatellite amplification, and
estimation of genetic diversity
Root cambium tissue samples were dried with
silica gel and stored at room temperature. DNA
was extracted from the dried tissue using the
Extract-N-AmpTM Plant kit (Sigma-Aldrich, St
Louis, MO, USA). Individuals were genotyped at
seven microsatellite loci, PTR1, PTR2, PTR3,
PTR4, PTR6, PTR14, and VVPSM16 (Dayanan-
dan et al. 1998, Rahman et al. 2000, Smulders
et al. 2001). We selected these loci due to their
high power of genotype definition in trembling
aspen (Rahman et al. 2000, Cole 2005, Namroud
et al. 2005). See further details in Appendix S1.
On the 556 trembling aspen sampled in the 1-ha
plot, 62 trees were eliminated from genetic analy-
sis, due to unsuccessful amplification for one or
more microsatellites.
Genotypic diversity (R) was estimated by cal-
culating observed clonal diversity (Ro), which is
the proportion of different genotypes within a
population, using the following formula:
Ro ¼ Go  1N  1
where Go is the number of observed genets and
N is the total number of individuals (Dorken and
Eckert 2001).
The Simpson’s D (D) is the complement of the
Simpson index corrected for finite sample size




NðN  1Þ ;
where ni is the number of plants with microsatel-
lite phenotype i, and N is the number of plants
analyzed. D equals 1 if every plant in a popula-
tion represents a distinct microsatellite pheno-
type; D equals 0 if all plants in a population have
identical microsatellite phenotypes.
Records of leaf phenology
We used drone-assisted observations of leaf
phenology during the period of spring leaf devel-
opment between the second week of May and
the first week of June between 2014 and 2016.
This timing, which generally corresponded to the
mid-point of leaf development in the stand,
allowed us to observe variability in crown devel-
opment among trees and to use differences in
crown coloration as a proxy for differences in the
degree of leaf development. For each year, we
classified stand canopy into different leaf density
classes, using ArcGis 10.2 (ESRI 2011) in four
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main steps: (1) geo-referencing drone-derived
layers, (2) unsupervised image classification
using ArcMap Classification toolbar, (3) super-
vised image classification using the same tool,
and (4) correcting spatial mismatch between tree
coordinates, as mapped with the help of a total
station theodolite on the ground, and tree crowns
as mapped by the drone. See additional detail in
the Appendix S1.
Development of tree ring chronologies
All tree cores were mounted on wooden sup-
ports, polished, and cross-dated using the visual
pointer year method (Stokes and Smiley 1968).
Using scanned images of dated samples, we
measured the ring widths to the nearest 0.01 mm
with the CooRecorder and CDendro software
package ver. 7.3 (Larsson 2010). Ring dating was
statistically validated with a R package dplR
(Bunn 2008).
Analyses of growth patterns
We partitioned growth patterns into low- and
high-frequency components. To study the former,
we used tree diameters measured at breast height
in 2010 and regarded them as a proxy of absolute
growth rates over the tree lifespan since the stand
regeneration. To study the high-frequency com-
ponent, we analyzed (1) growth response to
monthly weather and (2) growth response to out-
breaks of FTC. Prior to dendroclimatic analyses,
the chronologies were detrended using a spline
function with 50% frequency cutoff at 32 yr. Nat-
ural persistence (temporal autocorrelation) in
chronologies was removed by modeling each
curve as an autoregressive process with the order
selected by the first-minimum Akaike Informa-
tion Criterion (AIC; Akaike 1974).
To assess clone-level differences in growth
response to monthly weather, we averaged the
single tree series into clone-specific chronologies
and detrended them using the protocol outlined
above. We then calculated response function
coefficients between growth indices, on one
hand, and average monthly temperature and the
sum of monthly precipitation from May of the
previous growing season to August of the cur-
rent year, on the other. Response coefficients, in
contrast to the ordinary correlation coefficients,
are generated using principal component analy-
sis, which removes intercorrelation present in the
climatic data (Biondi and Waikul 2004). We
tested coefficients for their statistical significance,
using the bootstrap method (Efron and Tibshi-
rani 1993) by random re-sampling with the
replacement of the original dataset, generating a
statistical distribution of a response coefficient,
and calculating its 2.5% and 97.5% distribution
limits. For the analysis of growth responses to
extreme environmental conditions, we first used
the Cropper (Cropper 1979) algorithm to select
negative growth anomalies. The algorithm
involves z-transformation of non-detrended tree
ring chronology value in year i within a symmet-
ric moving window of n years and identifying
the years with values below the product of the
window-specific mean and its standard devia-
tion multiplied by 0.75 (Appendix S1).
Analyses of clonal effects on phenological and
growth responses
In this paper, we use the term genetic control to
refer to the predictive power of clone identity in
explaining variability in phenology and growth,
as estimated by R2 in the respective models. The
term therefore does not imply a particular mecha-
nistic relationship between clone identity and the
model’s predictands. We used an array of spa-
tially implicit and explicit models to test the effect
of genotype (i.e., clonal identity) on tree phenol-
ogy and growth. The statistical setup was similar
in all cases but differed in the type of the depen-
dent variables. These were (1) phenology classes,
(2) response function correlations between growth
indices and monthly weather, and (3) metrics of
growth resilience to two outbreaks of FTC. We
used a generalized linear (for phenology, which
were counts) or an ordinary linear (for other
response/dependent variables) regression model:
DepVar ¼ aþ b1  Genotypeþ b2  Topography
þ b3  Competition þ error
where Genotype was a variable representing clone
identity, and Topography was represented by alti-
tude classes and Competition by Hegyi index (see
Study plot measurements and topographical data sec-
tion above). In all cases, the dependent variable
was resolved at tree level. For dendroclimatic
analyses, it implied recalculation of response coef-
ficients for single tree detrended chronologies.
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The significance of spatial autocorrelation in
spatial variability of the studied dependent vari-
ables was assessed with the Mantel test calcu-
lated with the R function mantel.rtest of the R
package ade4 (Dray and Dufour 2007). We also
used three spatially explicit models: spatial con-
ditional autoregression model (CAR), spatial
simultaneous autoregressive model (SAR), and
spatial eigenvector mapping model (SEVM; Dor-
mann et al. 2007), realized in the R package spdep
(Bivand et al. 2013). Conditional autoregression
model is formulated in its general form as:
Y ¼ X  bþ q WðY  XbÞ þ e
where Y is predictand matrix, X is the predictor
matrix, b is the vector describing the slopes associ-
ated with predictors in the original predictor matrix
X, q is a spatial autoregressive parameter, W is
the spatial weights matrix, and e is the error term.
For the SAR model, the general equation is
Y ¼ q W  Y þ X  bþ e
where q is the autoregressive parameter, W is the
matrix of spatial weights, and b is a vector
reflecting the slopes corresponding to predictors
in the initial predictor matrix X.
Partial regression was used to partition the
variability of the dependent variable due to clone
identity, since all models also included topogra-
phy and competition index (Hegyi index, Hegyi
1974) as explanatory variables. We used the func-
tion varpart of the R package vegan (Oksanen
et al. 2013) for the partial regression. The clones
with both genetic and dendrochronological data
available for at least 5 ramets were selected for
further analysis, with the number of analyzed
clones reaching 13.
RESULTS
Genotypic and genetic diversity
The stand was composed of several large aggre-
gated clones partially or completely intermingled,
A
Fig. 1. Map of trembling aspen clones in the studied
1-ha post-fire regenerated stand in Western Quebec
(A) and their spring leaf phenology, as revealed by
drone-aided photography (spring 2014, B) and result-
ing canopy classification representing degrees of leaf
flashing (C). Darker areas on B and C indicate trees
with higher degree of leaf development in the crowns.
(Fig. 1. Continued)
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small clones distributed among large clones, and
single ramet genets (Fig. 1). Among the 494 trees
successfully genotyped, 56 genotypes were identi-
fied resulting in a genotypic diversity (R) equal to
0.11. Exactly 50% of the genotypes were composed
of only one tree. For the multi-ramet genotypes,
the number of ramets varied greatly from 2 to 137
and 43% of the clones had more than 10 ramets.
The mean and the median number of ramets per
genotype were 8.82 and 1.50, respectively. The
mean clonal dimension, that is, the mean distance
between ramets within clone, was 23 m with val-
ues from 1.02 m for the smallest clone to 86.7 m
for the largest one. The variogram of the Simpson’s
diversity D revealed that at distances inferior to
30 m, the probability of sampling two trees of
same genotypes is significantly higher than
expected with an absence of clonal spatial struc-
ture (Appendix S5).
Effect of genotype on aspen phenology and
growth
The analyses of all dependent variables
revealed statistically significant effects of clone
identity (Appendix S3). Clone identity explained
between 8% and 26% of growth response to
insect outbreaks, and 12% in the long-term
growth rates. The generalized least squares
regression models that were used accounted for
competition and topography-related effects. The
Mantel test revealed a moderate amount of spa-
tial autocorrelation (Appendix S3), although spa-
tial explicit versions of the model (Appendix S6)
did not overperform a non-spatial version, which
was selected to produce the final results.
Clone identity alone explained 43% of spring
leaf phenology, with R2 values in particular years
varying between 35% and 44% (Fig. 2,
Appendix S4). Years 1980 and 2001 were identi-
fied as the most common negative pointer years,
with the largest proportion of trees, which exhib-
ited more than 75% decline in growth in the three
years following the event year (65.8% and 92.3%
for years 1980 and 2001, respectively). Both years
were earlier identified as outbreak years in the
studied landscape (Huang et al. 2008).
Aspen growth was strongly and negatively
influenced by precipitation in February of the cur-
rent year and temperature in August of the cur-
rent year, the pattern being generally consistent
across the clones (Fig. 3A). For these months,
clone identity explained between 18% and 20% of
the variability in response to coefficients linking
growth and weather variables. The total sums of
monthly precipitation generally showed a ten-
dency to have higher R2 values, compared to the
average temperatures of the respective months
(Fig. 3B). Although R2 values reached 35–42% for
spring temperature and precipitation (March
through May; Fig. 3B), these months did not
Fig. 2. Genetic control of phenological and growth
variability in trembling aspen along a time gradient
reflecting typical temporal frequency of respective
phenomenon or environmental interactions. Dark dots
and vertical lines represent means of R2 and their
respective confidence limits for variable genotype, as
obtained in generalized least square regression (phe-
nology variable) and ordinary linear regressions (other
variables). Bootstrapping was used to generate 95%
confidence envelops for all variables, with the excep-
tion of monthly climate variables, where we used the
quantiles of the R2 distribution originating from the
analyses of all monthly variables. For the phenology
variable, values for the three years (2014 through 2016)
were averaged. Empty circles indicate R2 values for
the years 2014 through 2016 (phenology variable), and
the highest values obtained in the analyses of monthly
climate variables. The x-axis approximates the tempo-
ral scale of the respective effects. For the monthly
weather, three empty circles indicate climate–growth
correlations with the strongest genetic control. These
involve the mean monthly temperature in April and
May, and total March precipitation.
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Fig. 3. Influence of aspen clone identity on the growth response to monthly weather. (A) Results of correlation
analysis between monthly climate variables and clone-specific master chronologies. Yellow and green and circles
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reveal significant correlation with growth in
response function analyses (Fig. 3A).
Clonal effects to studied phenological and
growth characteristics appeared non-correlated in
most of the pairwise comparisons of residuals
from respective regression models (Appendix S7).
Out of 15 tested correlations, significant associa-
tion was observed in only one case and involved
growth response following the 2001 insect out-
break. This association, however, was not repli-
cated following the 1980 outbreak.
To assess variability in predictands directly
representing growth dynamics, we calculated
coefficient of variation (CV), that is, a ration
between distribution mean and its standard devi-
ation, for the clone-specific means. Coefficient of
variation for growth responses to tent caterpillar
outbreaks was 0.23 and 0.33 for the years 1980
and 2010, respectively. For the long-term growth
rates, the CV value was 0.07.
DISCUSSION
The studied natural population of trembling
aspen exhibited a high level of clonal diversity,
which exercised significant yet various levels of
controls on tree phenology and growth (this
paper and Latutrie et al. 2015). Our results sug-
gest that the strength of these controls generally
decreased from high- to low-frequency phenom-
ena (Fig. 2), spring phenology being the process
with the strongest genetic control and long-term
growth rates—the process with the lowest con-
trol. Importantly, we found no correlation
between clone-specific responses across a range of
studied phenological and growth metrics, there-
fore, providing no evidence of possible trade-offs
or presence of clone-specific growth strategies.
We speculate, therefore, that selection pressure
was stronger on the absolute growth rates than
other phenological and growth metrics. We dis-
cuss these findings below in more detail.
Diversity of natural aspen populations
The majority of clones in the post-fire stand of
trembling aspen were represented by just few
ramets with an average of 8.8 ramets per geno-
type. The total amount of identified genets was
56, of which 50% was present as a single ramet.
Two natural aspen populations established after
a fire in the early 19th century and located in the
vicinity of the studied stand indicated equally
higher genotypic diversity with 75% of the gen-
ets composed of only one ramet and only, on
average, four ramets per clone (Namroud et al.
2005). Overall, the clonal diversity revealed in
our study is comparable with the one found in
western Canada, where aspen stands are simi-
larly composed of several intermingled larger
clones mixed together with both smaller clones
and unique stem genotypes (Mock et al. 2008).
However, we did not observe triploidy, that is,
the presence of three copies of the genome,
which has been earlier reported as a common
feature of the aspen population in western
Canada, southern Utah, and western Colorado
(Mock et al. 2012). However, the proportion of
triploids was negligible in the eastern aspen pop-
ulations compared to what was observed in the
southwestern USA (Mock et al. 2012).
Effect of clones on phenological and growth
responses
The effect of higher genetic diversity has been
traditionally linked to the improved resilience of
the tree population to environmental changes
(Jump and Penuelas 2005, Bettinger et al. 2009,
Latutrie et al. 2015), although conclusive empiri-
cal support for this view is still missing. Direct
measurements of physiological processes in trees
of different genotypes have shown considerable
differences in their timing and efficiency (Aspin-
wall et al. 2011). This is a result, which renders
indirect support for the idea of better adaptive
capacity of more diverse populations. In the
indicate negative and positive coefficients, respectively. Black dots within colored circles refer to significant (P < 0.05)
response function coefficients. For horizontal axis labels, P and T refer to the total sums of precipitation and average
monthly temperature of the months indicated by the respective numbers. Lower-case p indicates months of the pre-
vious growing season. (B) Dynamics of explanatory power of clone identity (R2) in the variability of correlation coef-
ficients between growth and monthly climate variables. Black and white points refer to the total sum of monthly
precipitation and average monthly temperature, respectively. “Prev” prefix stands for “previous calendar year.”
(Fig. 3. Continued)
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study of the hybrid poplar (Populus spp.), the
greater aboveground growth and lower root-to-
shoot ratios were observed in polyclonal stands
as compared to monoclonal stands, suggesting a
certain degree of resource use partitioning
among clones (Elferjani et al. 2014).
Clone identity accounted for only 12% of the
variability in the long-term growth rates, while it
explained 43% of the variability in spring leaf
phenology (Fig. 2). We propose three non-exclu-
sive mechanisms that may reduce the effects of
genotypes along the gradient from short-term
(phenological) to long-term (decadal growth
rates) responses. These include physiological
integration among clones, effect of environmen-
tal extremes, and weak connections between phe-
nology and xylogenesis.
First, physiological integration of trees within
the studied plot could partially compensate for
genetically controlled differences in spring leaf
phenology and, in the long term, lower effects of
selection over time and space (Jelinkova et al.
2014). A study of another Populus species, P. bal-
samifera, has demonstrated physiological integra-
tion of connected ramets, resulting in water
sharing (Adonsou et al. 2016a). During the periods
of insect outbreaks, the ramets of this species with
the roots connected to their neighbors have shown
16% better growth, as compared to non-connected
ramets (Adonsou et al. 2016b). Connected stems
do not necessarily belong to the same genotype
(Jelinkova et al. 2014). This may further obscure
genotypic responses, since connected stems may
share photosynthates, impacting each other’s
radial growth or responses to environmental sig-
nals (Baret and Desrochers 2011). Root connections
among trees may act as physical signal carriers to
synchronize tree physiological performance at the
stand scale (Baret and Desrochers 2011).
Second, environmental extremes may down-
play the long-term effect of strong genetic control
on spring phenology. Growth performance of
aspen during two outbreaks of FTC was
controlled by genetics by only ~10– 20%, which
was ~20% less than genetic control of spring
phenology. Moreover, we observed no
correlation between clone-specific phenology
and the response to the extreme conditions
(Appendix S7). Our results point to the absence
of clone-specific strategies, suggesting that envi-
ronmental extremes may reduce potentially large
differences in long-term growth rates resulting
from differences in leaf phenology among the
clones. The finding is consistent with the sugges-
tion that environmental disturbances act as one
of the principal controls of productivity in trem-
bling aspen (Hogg et al. 2005), overriding the
genetic effects at stand, regional, and probably
also sub-continental scales.
Third, studies in other deciduous species have
indicated that a connection between phenology
and xylogenesis may be generally weak. For
example, a study of pedunculate oak has
revealed a lack of consistent association between
the leaf phenophases and xylogenesis (Puchalka
et al. 2017). Research on coniferous species sup-
ported the idea that phenology may be consider-
ably more sensitive than xylogenesis to
environmental changes, probably due to more
“hard-coded” controls of wood production exer-
cised by day length in boreal trees (Rossi et al.
2006, Lupi et al. 2012).
Growth of aspen was negatively affected by
February precipitation, due to a likely association
between increased winter precipitation and the
delay in the onset of the growing season. Consis-
tent with this interpretation were generally high
and positive, yet largely insignificant, correla-
tions between growth and March temperatures
(Fig. 3A), reflecting a positive response of aspen
growth to early snow melt and the onset of the
growth season. In Populus trees, the highest
levels of physiological activity are observed in
late spring and early summer (Deslauriers et al.
2009) and one would expect genetic control of cli-
mate–growth relationships, particularly for this
period of the year. In our study, however, high
levels of variability (~30–40%) in climate–growth
relationship during spring months, accounted for
by clone identity (Fig. 3B), were not accompa-
nied by the significance of response coefficients
themselves (Fig. 3A), indicating a limited effect
of early season weather variability on aspen
growth. The negative effect of August tempera-
tures on growth implied that aspen growth was
negatively affected by increased transpiration
demand. Clone identity explained ~20% of both
effects. In the case of August temperature effect,
the result suggested some degree of genetic con-
trol over photosynthesis efficiency along temper-
ature gradient (Weston and Bauerle 2007, Weston
et al. 2007, Hozain et al. 2010). Such variation in
 ❖ www.esajournals.org 9 September 2019 ❖ Volume 10(9) ❖ Article e02869
DROBYSHEV ET AL.
photosynthesis efficiency may arise due to genet-
ically controlled differences in the thermal prop-
erties of RuBisCo activase (Hozain et al. 2010),
an enzyme playing an important role in carbon
fixation (Portis 2003). Effects of temperature on
tree stomatal closure, transpiration rates, and
CO2 availability might be also at play in control-
ling for this relationship.
Clone identity explained about 12% in varia-
tion in aspen long-term growth rates, contradict-
ing a result of a previous study where clone
identity had not revealed effects on aspen abso-
lute growth rates nor the variability in its inter-
annual growth along a Canada-wide transect
(Latutrie et al. 2015). Our results were generally
consistent with estimates obtained for growth
variability (e.g., North American willows had R2
of 12–23%, Mosseler et al. 2017), but was some-
what lower than estimates of genetic control of
morphological traits of tree species (~20%, Cor-
nelius 1994). The indirect evidence of limited
effect of genetic identity on growth performance
of aspen could be an observation that no consis-
tent geographical differences in clonal diversity
were found along a continent-wide transect of
aspen stands in Canada, stretching over gener-
ally wet conditions in eastern Canada to dry con-
ditions in the West (Latutrie et al. 2015). In
contrast to our results, a study on Eucalyptus
globulus has suggested clone-specific strategies of
response to environmental extremes, with the
different physiological metrics being strongly
correlated (Granda et al. 2014).
Would the decline in predictive skill of clone
identify not be fully accounted for by factors dis-
cussed earlier (see Effect of clones on phenological
and growth responses subsection above), we pro-
pose two non-exclusive explanations of the
decline in the predictive skill: (1) past selection
pressure and (2) phenotypic plasticity in growth
integrating over longer time periods due to
microsite differences. However, one can argue
that the second interpretation (phenotypic plas-
ticity) does not necessarily contradict the first
one (selection pressure). Indeed, we demonstrate
that the variability in long-term growth rates is
poorly explained by the clone identity. Aspen
long-term growth rates showed a rather limited
level of variability (CV = 0.07), whatever its nat-
ure—phenotypic or genotypic. We consider these
results as more consistent with the interpretation
operating with the notion of selection pressure
and also as an indication that the alleles we stud-
ied were not coding for the long-term growth
rates.
Speculation on clonal diversity and stand growth
resilience
Clonal diversity may have a positive, yet
apparently limited, effect on growth resilience at
the stand scale. It remains unclear how strong
this effect is at larger spatial scales. At stand scale,
we found no evidence of clone-specific physiolog-
ical strategies, as approximated by the respective
growth reactions, in response to non-extreme
(seasonal phenology) and extreme (insect out-
breaks) conditions. Further, lack of correlation
between clone-specific growth reactions follow-
ing two defoliation events pointed to a stochastic
nature of this response. A low amount of variabil-
ity in the long-term growth rates accounted for
by clone identities suggests that natural selection
at the clonal level was likely driven by long-term
climate conditions, that is, long-term environ-
mental predictability (Reed et al. 2011, Chevin
et al. 2013), rather than by maximization of the
growth rates in respect to growth season onset or
avoidance of large nutrient losses during the
insect-caused defoliations. Assuming this hypoth-
esis holds, it is easy to understand why such cli-
matic extremes act as the principal drivers of
aspen productivity (Hogg et al. 2005). A consid-
erable amount of phenological and annual
growth variability was likely unrelated to vari-
ability in clone fitness (Mitton and Grant 1984),
making these traits escape from selection pres-
sure. It is unclear whether these conclusions hold
for larger spatial scales at which variability in cli-
mate conditions would exercise an increasingly
stronger control on clonal selection. Climate
change lowers climate predictability at multiple
temporal scales (Hurrell et al. 2006, Latif et al.
2006) and may lead to climate exercising a stron-
ger selection pressure on clonal fitness. Would it
be the case, the local variability in fitness-related
traits should be reduced as selection pressure fil-
ters out unfit genotypes.
The relationship between the level of selection
pressure and the level of genetic control appar-
ently depends on a chosen temporal scale (more
aligned to the scale of ecological processes as in
this study or, alternatively, to species evolution)
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and the study spatial scope. Since we did analy-
ses on a very local scale, our study operated with
pool of genotypes that were probably pre-
selected at larger (both spatial and temporal)
scales. It follows that the effect of stronger
genetic controls of traits controlling the fitness of
the individuals should be increasingly more
detectable in the analyses operating at such large
scales.
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